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Abstract The North Atlantic Current (NAC) is subject to variability on multiannual to decadal time scales,
inﬂuencing the transport of volume, heat, and freshwater from the subtropical to the eastern subpolar
North Atlantic (NA). Current observational time series are either too short or too episodic to study the pro-
cesses involved. Here we compare the observed continuous NAC transport time series at the western ﬂank
of the Mid-Atlantic Ridge (MAR) and repeat hydrographic measurements at the OVIDE line in the eastern
Atlantic with the NAC transport and circulation in the high-resolution (1/208) ocean model conﬁguration
VIKING20 (1960–2008). The modeled baroclinic NAC transport relative to 3400 m (24.56 7.1 Sv) at the MAR
is only slightly lower than the observed baroclinic mean of 27.46 4.7 Sv from 1993 to 2008, and extends
further north by about 0.58. In the eastern Atlantic, the western NAC (WNAC) carries the bulk of the trans-
port in the model, while transport estimates based on hydrographic measurements from ﬁve repeated sec-
tions point to a preference for the eastern NAC (ENAC). The model is able to simulate the main features of
the subpolar NA, providing conﬁdence to use the model output to analyze the inﬂuence of the North Atlan-
tic Oscillation (NAO). Model based velocity composites reveal an enhanced NAC transport across the MAR
of up to 6.7 Sv during positive NAO phases. Most of that signal (5.4 Sv) is added to the ENAC transport, while
the transport of the WNAC was independent of the NAO.
1. Introduction
The subpolar North Atlantic is characterized by considerable variability in water mass transformation
and transports on intraseasonal to multidecadal time scales, with some of the variability connected to
atmospheric modes like the North Atlantic Oscillation (NAO) [e.g., Curry and McCartney, 2001; H€akkinen
and Rhines, 2004; Brauch and Gerdes, 2005; Kieke et al., 2007; Hauser et al., 2015; Delworth and Zeng,
2016]. The transport of warm and salty water in the upper ocean from the subtropics into the New-
foundland basin (Figure 1) is carried by the northward extension of the Gulf Stream and dubbed North
Atlantic Current (NAC). Part of the NAC recirculates to the south in the interior of the Newfoundland
basin [e.g., Mertens et al., 2014]. A fraction of the NAC transport continues north to the southern Labra-
dor Sea where it retroﬂects to the east forming the Northwest Corner (NWC) [Rossby, 1996]. Ultimately
the NAC crosses the Mid-Atlantic Ridge (MAR) into the eastern basin, forming the southern rim of the
cyclonic subpolar gyre (SPG), the main circulation feature in this region. In the Newfoundland Basin and
at the MAR, the velocity ﬁeld in the NAC is deep reaching [Rhein et al., 2011; Mertens et al., 2014; Roessler
et al., 2015] and is inﬂuenced by the presence of fracture zones (Figure 1), mainly the Charlie Gibbs Frac-
ture Zone (CGFZ), the Faraday Fracture Zone (FFZ), and the Maxwell Fracture Zone (MFZ) [e.g., Bower
and von Appen, 2008].
The buoyancy loss of the NAC by the cooling along its northward pathway contributes to the formation of
Labrador Sea Water in the Labrador Sea [Talley and McCartney, 1982], and connects the warm upper branch
and the cold lower branch of the Atlantic Meridional Overturning Circulation (AMOC). Based on projections
from climate models, it is expected that global warming will cause signiﬁcant changes in the circulation as
well as the temperature and salinity properties of water masses formed there. This in turn will lead to
changes in meridional heat and freshwater ﬂuxes, which could have consequences for the future climate
and sea level in western Europe [Intergovernmental Panel on Climate Change (IPCC), 2013].
Key Points:
 Detailed comparison between high-
resolution VIKING20 model and
observations reveal realistic ﬂow
ﬁelds in the subpolar North Atlantic
 North Atlantic Current transports in
model and observations are
comparable within the uncertainties
 The NAO inﬂuences the transport
and ﬂow ﬁeld of the North Atlantic
Current; higher transports occur
during positive phases
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Although the importance of the NAC as part of the climate relevant meridional overturning of the Atlantic
is widely known, continuous measurements of the NAC transport and its variability away from the western
boundary are rare and too short to study decadal ﬂuctuations. In Rhein et al. [2011], the ﬁrst continuous 2
year long (2006–2008) NAC transport time series at the MAR calculated from an array of bottom mounted
inverted echo sounders equipped with a pressure sensor (PIES) instruments was published. Roessler et al.
[2015] used the correlation between the PIES derived baroclinic transport time series (2006–2010) at the
MAR and the sea level anomalies from altimetry to extend the transport time series to the time period of
altimeter data from 1992 to 2013. They argue that the annually averaged time series is close to the absolute
transports, although they assume a zero transport at a reference level of 3400 dbar. The 21 year mean was
27.4 Sv (with a standard deviation of 4.7 Sv), consisting of about 60% water with subtropical (16.0 Sv,
densities< 27.68 kg m23), and 40% with subpolar origin. No long-term trend was found, but substantial var-
iability on time scales of 120 days (meanders, eddies) and 4–9 years, with the latter partly explained by the
North Atlantic Oscillation (NAO) index.
Lherminier et al. [2010], Mercier et al. [2015], Garcıa-Iba~nez et al. [2015], and Daniault et al. [2016] analyzed repeat
hydrographic and velocity (from vessel mounted Acoustic Doppler Current Proﬁler (ADCP)) sections from Green-
land to Portugal in the OVIDE (Observatoire de la Variabilite Interannuelle a Decennale) program. These hydro-
graphic measurements were carried out between 1997 and 2012. The authors calculated the full depth absolute
circulation using an inverse model constrained by the ADCP data and by an overall mass balance. They found
large transport variability over the whole water column. The mean NAC transport above the r15 32.1 kg m
23
isopycnal was 16 Sv, and equally split between the eastern (ENAC) and the western (WNAC) branch of the NAC
[Lherminier et al., 2010]. These numbers are similar to the mean NAC transport of 15.5 Sv (densities< 27.55 kg
m23), that Sarafanov et al. [2012] calculated from hydrographic repeated sections at 59.58N, measured annually
between 2002 and 2008. Both estimates from repeat hydrography are comparable to the mean continuously
measured NAC transport (1992–2013) of subtropical water crossing the MAR [Roessler et al., 2015].
In this study, we try to obtain new insights about seasonal to decadal variability and pathways of the NAC,
by comparing observational against model data of a high-resolution model conﬁguration (VIKING20), at the
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Figure 1. Map of the subpolar North Atlantic with the mean sea surface speed from gridded geostrophic velocity provided by AVISO and bot-
tom topography from ETOPO2 database [U.S. Department of Commerce, 2001], indicated by gray lines with a depth interval of 1000 m between
5000 m depth and the surface. Abbreviations: North Atlantic Current (NAC), Western Boundary Current (WBC), Northwest Corner (NWC), west-
ern NAC (WNAC), eastern NAC (ENAC), Newfoundland Basin Recirculation (NBR), Charlie-Gibbs Fracture Zone (CGFZ), Faraday Fracture Zone
(FFZ), Maxwell Fracture Zone (MFZ), Mid-Atlantic Ridge (MAR), Iceland Basin (ICB), European Basin (EB), and Iberian Basin (IB). The positions of
the PIES at the MAR are marked by the black dots. The PIES divide the array in a northern, a central and a southern segment. North of the PIES
the model extended section is shown (by the thick inclined black line across the PIES positions), needed to take into account the more north-
ward pathways of the NAC in the model. The black line from 408N to 588N is the OVIDE line. The green dots indicate the geographical separa-
tion of the OVIDE line in Iceland Basin, European Basin and Iberian Basin followingMercier et al. [2015].
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PIES array along the MAR and in the eastern Atlantic across the OVIDE section. Encouraging for this study
was the similarities between observational data and the VIKING20 model at 478N in the western Newfound-
land basin [Mertens et al., 2014]. The main vertical and horizontal circulation features, the strength of the
NAC inﬂow into the Newfoundland basin, and the NAC recirculation (NBR) were well simulated by the
VIKING20 model, so that Mertens et al. [2014] used the model to discuss the relation between the variability
found in the deep western boundary current (DWBC), the NAC, and the NAC recirculation. Here we extend
the analysis of observations and model farther to the east to study the mean transport and the variability
on interannual to decadal time scales, the density distributions, and the locations of NAC branches over
time. The focus of this study lies on a detailed comparison between the model output and observations.
Furthermore, encouraged by the agreement between these two data sources we use the model to discuss
the relation between the strength and the pathways of the NAC and the state of the atmospheric circulation
expressed in the NAO index.
The paper is organized as follows: after the data and methods section (section 2), we compare the model
output with observations in section 3. We start with a general comparison of the circulation in the North
Atlantic (NA) before focusing on the vertical hydrographic and velocity distributions at the MAR (section 3).
The mean transports at several positions in the NA between model and observations are compared, with
the focus on the NAC transports across the MAR and in the eastern basin of the NA across the OVIDE line.
Based on the conﬁdence, we gain from the comparison between model and observations we concentrate
in the discussion and conclusion section (section 4) on the pathways of the NAC and the inﬂuence of the
NAO on the NA and the transport of the NAC.
2. Data and Methods
2.1. VIKING20 Model Configuration
The VIKING20 model conﬁguration is based on the NEMO ocean [Madec, 2008] and LIM2 sea ice [Fichefet
and Maqueda, 1997] model, developed in the DRAKKAR framework [DRAKKAR, 2007]. This conﬁguration
uses a local grid reﬁnement technique (AGRIF) [Debreu et al., 2008], which allows a high-resolution nest to
be coupled into a coarser grid via a two-way nesting scheme [Behrens, 2013; B€oning et al., 2016]. In the case
of the VIKING20 conﬁguration, the coarser grid is a global tri-polar ORCA025 grid with a nominal 1/48 hori-
zontal resolution [Barnier et al., 2006]. Embedded in this grid is a high-resolution nest covering the North
Atlantic between 328N and 808N, with grid sizes of 1/208. The vertical grid of this conﬁguration uses 46 verti-
cal levels, with a 6 m thick surface layer, and increasing with depths to up to layer thickness of 250 m at
around 1000 m. A partial cell approach is implemented to improve the near topographically steered circula-
tion [Barnier et al., 2006]. In this study, we use 5 day averaged model ﬁelds for the period 1960–2008 from
this model hindcast, which was forced with interannually varying atmospheric conditions based on CORE.v2
reanalysis product [Large and Yeager, 2009]. The simulation was started from rest with initial condition
based on Levitus [Levitus, 1998] and followed by a 30 year long spin-up simulation before the reference
hindcast has been started in 1948. The model was already compared to observations in the subpolar North
Atlantic in several studies [Fischer et al., 2014; Mertens et al., 2014; B€oning et al., 2016]. In Fischer et al. [2014],
the variability of the DWBC transport from Denmark Strait to the tail of the Grand Banks was investigated
using seven observational sections in comparison to the VIKING20 model in order to relate the local obser-
vations to the large scale perspective. They reported that the DWBC in the model has its maximum variance
at intra seasonal periods and the best agreement between the modeled and observed spectra is found for
the Flemish Cap section at 478N.
Along this 478N section between Flemish Cap and 368W Mertens et al. [2014] studied the strength of the
NAC inﬂow into the Newfoundland basin, the NAC recirculation and the DWBC from seven cruises and
moored data in comparison to the VIKING20 model.
The meltwater from the West Greenland shelf was found to be inﬂuencing the surface salinity in the central
Labrador Sea in the VIKING20 model [B€oning et al., 2016]. The study also showed that decadal freshwater
content anomalies in the subpolar NA, which have been observed by Curry and Mauritzen [2005] and Boyer
et al. [2007], can be successfully simulated.
The model was initialized with the World Ocean Atlas (WOA) 1998 [Levitus, 1998] salinity climatology (Figure
2a), derived from data for the years 1900–1997. This climatology and the mean VIKING20 salinity
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distribution (1960–2008) in 100 m depths are comparable. However, owing to the resolution the salinity dis-
tribution in the model (0.058 resolution) is more detailed compared to the coarse climatology (18 resolution).
Observed salinities in the central and northern Labrador Sea (Figure 2a) are fresher than found in the model
(Figure 2b). This is even enhanced when compared to the WOA 2013 [Zweng et al., 2013] climatology (Fig-
ure 2c), which is the average of six ‘‘decadal’’ climatologies for the following time periods: 1955–1964,
1965–1974, 1975–1984, 1985–1994, 1995–2004, and 2005–2012 [Zweng et al., 2013]. The NWC in the model
evolved nicely from the WOA 1998 climatology NWC to a similar NWC as in the WOA 2013, which comprises
the entire model time period. The northwestern extension of the NWC in the model (Figure 3a) is reﬂected
by high salinities signatures along the western ﬂank of the Labrador Sea, with salinities >35.4 stretching to
548N (Figure 2b), while in the WOA 2013 data, this salinity does not reach farther than about 498N
(Figure 2c).
The salinity structures in the Eastern Atlantic also show similar patterns. In the observations south of about
498N, the observed horizontal gradients are more or less meridional (Figures 2a and 2c), while in the model,
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Figure 2. Salinity distribution in 100 m depth from (a) WOA 1998 climatology, (b) the VIKING20 model mean from 1960 to 2008, and (c)
the WOA 2013 climatology.
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the zonal gradients dominate (Figure 2b). This leads to lower salinities in that region. North of 498N, both,
model and observations exhibit zonal gradients, but the salinities are higher in the model than in the obser-
vations. As an example the meridional salinity difference between 418N and 578N at 308W in the eastern
Atlantic is around 0.4 in the model and 1.0 in the observations. The higher salinities in the VIKING20 conﬁg-
uration is found to be related to the improvements in the NAC compared to two coarser model conﬁgura-
tions [Behrens, 2013]. The salinity in the Labrador Sea rises by the increased inﬂow of warmer and saltier
Irminger Water, which accompanied the improvement of the NAC.
2.2. Observations
2.2.1. Absolute Geostrophic Surface Velocity
The absolute geostrophic velocity used here is provided by Ssalto/Duacs and distributed by AVISO, with
support from CNES (http://www.aviso.altimetry.fr/duacs/). It is computed from the maps of daily absolute
dynamic topography (MADT) and has a spatial resolution of 1/48 3 1/48 on a Cartesian grid. The MADT is
inferred from the sea level anomaly and the mean dynamic topography (MDT), both are referenced over a
20 year period (1993–2012). The MDT is a combination of 7 years of GRACE, 2 years of GOCE data and in
situ measurements.
2.2.2. CTD/LADCP Data
To compare the water mass characteristic and the structure of the ﬂow at the MAR, we use velocity, salinity,
temperature, and pressure measurements from seven sections along the PIES array carried out between
July 2008 and May 2015. The station spacing was about 20 nautical miles (nm).
The OVIDE data set comprises ﬁve repeated measurements for every second year between 2002 and 2010
and was provided by Pascale Lherminier and published in Mercier et al. [2015]. Along the OVIDE line about
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Figure 3. (a) Mean velocity at 100 m depth from the model, 1993–2008. The colors are displaying the magnitude of the velocity vectors with a
resolution of 1/208. The arrows indicate the direction of velocities>10 cm s21. The region within the dashed black lines is displayed in more
detail in Figure 5. The PIES array and the OVIDE line are also shown. The bottom topography is taken from the model. (b) The same as Figure
3a but for the observed absolute surface geostrophic velocity from AVISO averaged from 1993 to 2008, resolution 1/48. Bottom topography is
taken from ETOPO2 database U.S. Department of Commerce [2001]. In both ﬁgures gray lines indicate the topography with a depth interval of
1000 m between 5000 m depth and the surface. For clarity the velocity vectors are displayed with a reduced resolution.
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90 hydrographic stations were taken each cruise. The station spacing was between 25 nm and less than
12 nm, depending on topographic features [Mercier et al., 2015].
2.3. Transport Time Series Calculation
2.3.1. Transport Time Series From Observations
2.3.1.1. PIES Array Along the MAR
The observed baroclinic transport time series from 1993 to 2008 is calculated from a combination of along-
track sea surface heights (SSH) measurements (updated delayed time Sea Level Anomaly (SLA) product
from AVISO) and PIES (inverted echo sounder equipped with a pressure sensor) data [Roessler et al., 2015].
The PIES instrument measures the round trip travel time of an acoustic signal from the bottom to the sur-
face and the pressure at the sea ﬂoor [Watts and Rossby, 1977; Chaplin and Watts, 1984]. Argo and shipboard
CTD proﬁles are used to calculate a transfer function to convert travel times to proﬁles of temperature, salin-
ity, density, and speciﬁc volume anomaly. Based on these reconstructed time series, the geostrophic veloci-
ty distribution and transport time series are calculated relative to a reference level. Roessler et al. [2015]
referenced the transports to the deepest common depth of the PIES (3400 dbar), which is located well
below the ridge crest of the MAR. Owing to the unknown drift of the pressure sensors, only the barotropic
transport ﬂuctuations can be analyzed. Their contribution to the standard deviation of the mean 4 year
transport time series exceeds the contribution from the baroclinic transport component by around one
third. Roessler et al. [2015] used the correlation between the altimeter derived surface velocities and the bar-
oclinic transports calculated from the PIES data to extend the 4 year transport time series to the time period
of the altimeter measurements (1992–2013). The barotropic transport ﬂuctuations were found to be not cor-
related with the satellite altimetry data [Roessler et al., 2015], therefore only the baroclinic transport compo-
nent could be extended over the whole satellite time period. Following earlier studies [e.g., Stramma et al.,
2004; Rhein et al., 2011], Roessler et al. [2015] chose the isopycnal rh 527.68 kg m
23 to separate the warm
subtropical water of the NAC above from the deep water layers below that depth and found 60% of the
transport above this isopycnal. In our study, we use this same percentage to separate the observational
transport at the PIES array into a subtropical and deep water component. The geographical positions of the
PIES divide the section into three segments, roughly representative of the ﬂow through Maxwell (southern
segment), Faraday (central segment), and Charlie Gibbs (northern segment) fracture zones.
2.3.1.2. OVIDE Section
The absolute transports across the OVIDE line were calculated from a combination of the CTD data and
shipboard Acoustic Doppler Current Proﬁler (sADCP) data by using an inverse model [Lherminier et al., 2010;
Mercier et al., 2015]. For the transport calculations, we divide the eastern OVIDE section into the subsections
Iceland (588N–548N), European (548N–448N), and Iberian (448N–418N) following Mercier et al. [2015].
The geographical positions of the two NAC branches (Figure 1) at the OVIDE line differ between model and
observations. The observed WNAC branch is found between 538300N and 578N, while the modeled WNAC
reaches to 578300N. The ENAC in the observations is deﬁned to ﬂow between 468N and 538300N, while in
the model, the pathway is located between 478300N and 538300N. As stated before, the same isopycnal (rh
527.68 kg m23) was used to separate the upper from the deep ocean.
2.3.2. Transport Time Series Calculation in VIKING20 Model Configuration
The observed 21 year NAC transport time series at the western ﬂank of the MAR (PIES array) [Roessler et al.,
2015] was calculated between the latitudes 478400N and 528300N and fully includes the ﬂow of the NAC into
the subpolar part of the eastern Atlantic. To compare the observed geostrophic transport (relative to 3400
dbar) with the model output, we calculated the transport from the modeled velocity and density ﬁelds, ref-
erenced to 3400 m. The interpolation of the model data onto the hydrographic sections is done using a
bilinear interpolation. As in the observations, the water column is separated into the subtropical water mass
above the rh5 27.68 kg m
23 isopycnal and into the deep ocean below. The model section starts at the
southernmost PIES position (478400N/318090W) and ends at around 538N/378270W, i.e., 0.58 further north
than the northernmost PIES position (528300N/368510W). This extension takes into account the more north-
ward ﬂow path in the model (Figure 3). An extension of the section toward the southeast did not increase
the northeastward transport across the section. As in the observations, the modeled transports are separat-
ed in the three segments (northern, central, and southern segment), with an additional model segment
from 528300N to 538N (extended segment). The simulated and observed annual mean transports are affect-
ed by the large variability on time scales of several months to years. For a better comparison, we follow
Journal of Geophysical Research: Oceans 10.1002/2016JC012444
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Roessler et al. [2015] who calculated the annual means with the center around the end of January. This time
interval was chosen to match the time period of the winter NAO index.
3. Results
In the following sections ﬂow pathways, mean transports, transport time series, and vertical structure
between model and observations at various locations over the NA will be compared. We start with the
description of the large-scale circulation in the NA using ﬂow ﬁeld and transport estimates.
At the MAR the hydrographic properties and velocity distribution are investigated in detail, including mean,
and variability. Further downstream at the OVIDE line, no continuous observed transport time series is avail-
able, yet we compare the mean transport and the hydrography.
3.1. Circulation and Mean Transport of the North Atlantic Current
The most distinct feature in the subpolar NA is the NAC, which ﬂows from the southwest into the eastern
Atlantic, via the NWC and across the MAR. The path of the NAC is clearly visible in the mean (1993–2008)
near surface velocity (100 m depth) of the model (Figure 3a), and in the mean surface velocity ﬁeld calculat-
ed from the altimeter observations for the same time period (Figure 3b). Along the NAC path transports
from model and observations are compared on several locations and presented in Figure 4. The modeled
transports (Figure 4a) are the absolute mean transports for the time period 1993–2008, the same period
where observations are available. The observations at 478N in the Newfoundland Basin (2003–2011) [Mert-
ens et al., 2014] and at the OVIDE line in the eastern Atlantic (2002, 2004, 2006, 2008, and 2010) [Mercier
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Figure 4. NAC circulation cartoon (not water masses) with (a) absolute mean transports from the model from 1993 to 2008 and (b)
observed transports. The calculation of the mean transports focuses on the two observational sections, studied here and the inﬂow of the
NAC into the NA at 478N. The question marks indicate possible pathways inﬂuencing the means compared here. The observed NAC and
NBR transports at 478N are taken from Mertens et al. [2014], and are the means of six LADCP repeats taken between 2003 and 2011. The
observed transport at the PIES array is the mean from 1993 to 2008, the separation into the two density ranges are done after Roessler
et al. [2015]. Observed western and eastern NAC transports at the OVIDE line are calculated from the OVIDE data, ﬁve LADCP repeats taken
between 2002 and 2010 [Mercier et al., 2015]. Red numbers: NAC transport with rh< 27.68 kg m
23, blue: transport of water with
rh> 27.68 kg m
23 (after Mertens et al. [2014]). The transport numbers are rounded to 5 Sv.
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et al., 2015] are based on several repeat hydrographic and LADCP sections, so the mean transport has large
uncertainties and the numbers are rounded. A more detailed comparison with the continuous time series at
the MAR follows in section 3.3, as well as a discussion about the circulation and the transport at the OVIDE
line in section 3.4.
The high velocities at the continental slope off Canada and Greenland highlight the western boundary cur-
rent that transports cold and freshwater to the south. The Mann Eddy (428N, 458W) and the Newfoundland
Basin recirculation (NBR) Mertens et al. [2014] centered at 478N, 398W are clearly visible in the model and
observational velocity distributions (Figure 3).
At 478N, the observed and simulated northward inﬂow of the NAC occurs close to the western boundary
current and show in terms of volume transport similar strengths. These conﬁrm the ﬁndings of Mertens
et al. [2014], which described and compared the observed transports to a mean VIKING20 transport calculat-
ed over 47 years. They reported that the NAC carries in both cases a similar amount of transport northward
and the recirculation in the Newfoundland basin seems weaker in the model.
North of 458N, the NAC ﬂows in close contact with the western boundary current east of Flemish Cap to
about 548N in the model (Figure 3a), and 518N in the observations (Figure 3b). In the southern Labrador
Sea, the observations depict two main pathways where the NAC retroﬂects to the east at about 48.58N
and 51.58N, the latter deﬁning the observed location of the NWC. In the model (Figure 3a), the NAC
reaches further into the Labrador Sea to about 548N before turning east. Part of the modeled mean ﬂow
seems to proceed farther north than the observations suggest. A realistic simulation of the NAC in the
Newfoundland Basin has been, and continues to be, a key challenge of ocean and climate modeling. The
prime model factor that inﬂuences this regional behavior is the horizontal resolution: while the common
problem of coarse ocean/climate models is a southward displacement of the NAC (associated with a cold
and fresh bias in the Newfoundland Basin), a typical feature of eddying models has been a northward
shift of that path [Marzocchi et al., 2015], hinting at the importance of the mesoscale current-topography
interaction along the continental slope. It is conceivable that the dynamics near the boundary are also
affected by the parameterization of subgrid-scale mixing: however, to our knowledge these possible
dependencies have not been examined yet (owing certainly in part to the high costs of conducting sys-
tematic model sensitivity experiments at resolutions of 1/108 or higher). One interesting hint in this
regard has been given by Smith et al. [2000]: in their 1/108 simulation they noted a northward displace-
ment of the NWC which partly could be remedied in a (albeit very short) sensitivity experiment with
somewhat increased mixing coefﬁcients.
The mean transport crossing the MAR is similar in the observations and in the model, about 25 Sv cross the
MAR toward the eastern Atlantic, with 15 Sv of subtropical origin. The mean (1993–2008) observed ﬂow
ﬁeld in the vicinity of the PIES array at the MAR (Figure 5b) shows predominant zonal velocities to the east
in a broad path with the highest velocities between 488N and 518N, i.e., the central segment of the PIES
array. Some of the NAC in the model also follows this path, although the dominant pathway there is farther
north between 518N and 538N, exhibiting velocities that exceed 30 cm s21 (Figure 5a). In the model, the
NAC clearly prefers the ﬂow through the CGFZ, while in the observations, the NAC is mainly found farther
south. The preference for the CGFZ could be due to the more northern NWC in the Labrador Sea. The more
northern pathway of the NAC is at least partly responsible for the higher salinities found in the eastern
Atlantic north of 498N (Figure 2b, mean modeled salinity distribution from 1960 to 2008) in the model. Fur-
thermore, this northern NAC is fresher compared to the branch south of the CGFZ.
In the eastern Atlantic, the observations (Figures 3b and 5b) show two main NAC pathways, with the more
northwestern branch (dubbed WNAC by Lherminier et al. [2010]) following the western ﬂank of the Iceland
basin, and the more southeastern branch (ENAC) at the Rockall Trough. In the observations, the ENAC (25
Sv) carries most of the water with rh< 27.68 kg m
23 (Figure 4b), while in the model, the WNAC transport is
more pronounced (10 Sv) compared to the ENAC (5 Sv). This more pronounced WNAC in the model could
be a consequence of the more northward NAC pathways compared to the observed ﬂow ﬁeld. The biggest
discrepancy however is the observed larger ENAC transport of 25 Sv, which is larger than the modeled
transports of WNAC and ENAC together. Choosing adapted boundaries for the two NAC branches instead
of ﬁxed [Lherminier et al., 2010] or separating the NAC ﬂow in three branches instead of two [Daniault et al.,
2016] modiﬁes the observed transports of the NAC branches and makes them more comparable with the
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model results (Lherminier et al. [2010] with 8 Sv for each, WNAC and ENAC) or increases the discrepancies
further [Daniault et al., 2016].
Overall, the simulated main circulation features of the NA are comparable with observations, such as the
here presented altimetry data, observed transport measurements, and other observational studies using,
e.g., ﬂoats at several density levels to investigate the circulation in the NA [Lavender et al., 2000; Bower et al.,
2002; Perez-Brunius et al., 2004]. In the model, the velocity ﬁeld reveals stronger horizontal gradients com-
pared to altimeter data, owing to the higher resolution of the model (1/208 versus 1/48). The effect of differ-
ent spatial resolution and temporal averaging on the ﬂow ﬁeld has been discussed already by Fratantoni
[2001], who compared satellite tracked drifter trajectories and drifter derived eddy kinetic energy with val-
ues calculated from satellite altimetry.
The most remarkable differences are the shift of the NWC further into the Labrador Sea and the more north-
ward pathways of the NAC, leading to the preference for the CGFZ and the WNAC in the model.
3.2. Vertical Hydrographic and Velocity Distributions at the MAR Array
The velocity and hydrographic distributions at the PIES array along the MAR from model and observational
data are comparable in magnitude and distribution. The observations are the mean distributions of seven
repeated CTD and LADCP sections between July 2008 and June 2015. The model on the other hand is the
summer mean (May–July) for the last seven model years of this simulation (2002–2008). The modeled distri-
bution is in general more saline (Figure 6a) and warmer (by about 0.58C below 1000 m depth and 18C
above) (Figure 6c) than observed (Figures 6b and 6d). As already discussed in the horizontal distributions at
100 m depth, the VIKING20 warm and saline surface water reaches farther to the north than in the observa-
tions, but in both, model and observations, the saltiest and warmest water is found in the central and south-
ern part of the section. The observed subtropical water north of 518300N is by about 0.8 fresher than in the
model, so that the horizontal gradients in the observations are sharper than in the model despite the higher
spatial resolution of the latter. In the deep ocean, both distributions include the Labrador Sea Water below
the rh5 27.68 kg m
23 isopycnal, the model is warmer and more saline compared to the observations. The
high salinities observed north of the subpolar front (at 528N) at around 3000 m (Figure 6b) are a feature of
the Iceland-Scotland Overﬂow water (ISOW) that ﬂows mainly through the CGFZ from the eastern into the
western Atlantic [e.g., Dickson and Brown, 1994; Saunders, 1994]. The salinity signal of this water mass is not
found in the modeled section investigated here (Figure 6a). The ISOW in the model crosses the MAR farther
        30 cm/s
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Figure 5. Velocity ﬁeld as in Figure 3, but zoomed into the marked area. The black lines show the location of the PIES array at the MAR, including the model extension and the location
of the OVIDE line. Black dots are the location of the PIES. The green dot indicates the geographical separation of the OVIDE line in Iceland Basin and European Basin following Mercier
et al. [2015]. The Charlie Gibbs Fracture Zone (CGFZ) is marked. a) Mean modeled velocities at 100 m depth (1993–2008). (b) Mean geostrophic velocity at the sea surface from AVISO
(1993–2008).
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Figure 6. (a and b) Mean salinity, (c and e) potential temperature, and (d and f) velocity section along the PIES array calculated from the
last seven model (a, c, and e) years 2002–2008, and (b, d, and f) composite of seven repeat CTD and LADCP sections between 2008 and
2015. Note the different salinity color scales for the model and the observations, which were chosen for visibility reasons. The upper
1000 m are vertically stretched to better display the different salinity distribution. The velocity distributions are deﬁned perpendicular to
the PIES array and the velocities toward the northeast are displayed in red. For clarity the observed velocities are treated vertically with a
sliding average ﬁlter of 600 m length to eliminate the inﬂuence of internal waves, which are not present in the model. The modeled sec-
tions show the topography from the VIKING20 model, and the observed sections the ETOPO5 [National Oceanic and Atmospheric Adminis-
tration, 1988] topography.
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north between 588N and 608N and around 308W (not shown). Part of the difference in the deep ocean is
owed to the different vertical resolution of the model (up to several 100 m) and in the observations (1 m).
In the upper 1000 m, salinity and temperature differences almost compensate each other regarding density,
so that the depth of the isopycnal rh5 27.68 kg m
23, chosen to separate the warm, subtropical NAC water
above from the deep water below is nearly the same between observations and model (Figure 6). The iso-
pycnal rises from around 1000 m in the southern part of the section to around 600 m in the model and
around 500 m in the observation. The relative steep slope of the isopycnal south of 528N in the model and
south of 518N in the observation indicate the subpolar front, respectively. In both distributions, a second
branch of the subpolar front can be observed, at around 498300N in the model and at around 498N in the
observations. In general, modeled and observed velocities are in the same order of magnitude and their
vertical and horizontal structures are similar (Figures 6d and 6f). In both cases, the mean velocity distribu-
tion is surface-intensiﬁed, but mostly reaches down to the bottom, producing horizontally alternating
coherent jets over the whole water column. The strongest velocity signal in observations and model is
found above the isopycnal rh5 27.68 kg m
23, and at the subpolar front, in the model at around 518200N,
and in the observation further south at around 508400N (Figures 6d and 6f).
3.3. Observed and Modeled Transport Time Series at the MAR
At the MAR, a continuous transport time series from 1993 to 2008 provide the means to make the compari-
son more detailed (Table 1). The mean transports from observations and the model are comparable within
the error margins. The mean baroclinic transport in the model referenced to 3400 m depth is 24.6 Sv with a
standard deviation of 7.1 Sv. The observed transport of 27.4 Sv with a standard deviation of 4.7 Sv is about
10% higher than the simulated one, but has a lower standard deviation. Compared to observations, the
transport in the upper layer is more dominating in the model (70%) than in the observations (60%), caused
by a more intensiﬁed upper ﬂow. The contribution of the VIKING20 barotropic and ageostrophic compo-
nents to the mean model transport amounts to about 7%, increasing the mean to 26.4 Sv with a standard
deviation of 8.7 Sv. When including the standard deviations of the velocity ﬂuctuations in the reference lev-
el [Rhein et al., 2011], the observed standard deviation increases to 8.6 Sv, and is very close to the modeled
one. The higher absolute transport indicate that also in the real ocean, the barotropic and ageostrophic
ﬂow components contribute to the annual means and therefore Roessler et al. [2015] slightly underestimate
their observed NAC transport. However, this increased transport lies still in the same range of magnitude.
Figures 7 and 8 show the time series of the NAC transports referenced to 3400 m depth from observations
and model and also the simulated absolute transports. The annual mean absolute transport is always higher
than the baroclinic transport, except for the year 1996. From 1993 to 2004, the observed and simulated bar-
oclinic time series are similar and highly correlated (correlation coefﬁcient of 0.7), while for the years after-
wards, the observed transports increase almost linearly until 2008, while the simulated transports reach a
minimum of nearly 15 Sv in 2006. In the following time period, the modeled transport rises rapidly and
comes close to the observed transport at the end of 2008 (Figure 7). This different behavior of observed
and modeled transport will be discussed in section 4.1. The total (baroclinic and barotropic) transport esti-
mates from the PIES instruments alone for the years 2007 and 2008 are close to the observational
Table 1. Mean Absolute and Baroclinic Transport Components From the Model and Observed Mean Transports Across the PIES Array at
the MAR and the Subsections Deﬁned by the Geographical Positions of the PIES Instrumentsa
Subsection of
PIES Array
Modeled Absolute
Transport (Sv)
Modeled Baroclinic
Transport (Sv)
Observed
Transport (Sv)
Period:
1960–2008
Period:
1993–2008
Period:
1960–2008
Period:
1993–2008
Period:
1993–2008
Southern 4.56 9.0 3.56 9.1 5.16 8.5 3.96 8.4 8.66 7.7
Central 8.26 10.5 8.06 11.1 8.46 9.4 8.66 10.0 12.26 7.0
Northern 10.0610.5 11.76 12.3 8.66 9.4 9.96 11.0 5.36 3.0
Extended 3.66 6.5 3.16 7.5 2.36 6.2 2.16 7.1
Entire 26.26 8.8 26.46 8.7 24.5 67.1 24.6 67.1 27.46 4.7
aThe transports corresponding standard deviations calculated from the 5 day means are given as well. The extended subsection takes
the northward shift of the NAC in the model into account. The sum of the three observed segments (26.1 Sv) does not necessarily agree
with the transport of the total array which is calculated independently (27.4 Sv) [Roessler et al., 2015].
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transports, as expected since the latter is based on a correlation between the altimetry derived 4 year
along-track SSH measurements and PIES derived baroclinic data (Figure 7). The inﬂuence of the barotropic
ﬂuctuations on the annual means is small due to their short time scales [Roessler et al., 2015].
The absolute and baroclinic transports and their variability change only slightly when taking the entire
model time period (1960–2008) into account (Table 1 and Figure 8). The longer time series shows that the
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Figure 7. Absolute (red), and baroclinic (black) transport from the VIKING20 model and observed baroclinic (blue) transport time series
from 1993 to 2008 at the PIES array along the MAR. The bold lines and markers are annual means and the thin line displays the 10 day val-
ues of the altimeter observations. The green squares mark the in situ measurements from the PIES instruments [Roessler et al., 2015]. The
yellow triangles indicate the maximum transport across the section. The section is extended further north until the maximum transport for
that year is found.
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Figure 8. Absolute (red) and baroclinic (black) transport from the VIKING20 model from 1960 to 2008 at the location of the PIES array
along the MAR. The bold lines and markers are annual means and the thin lines display the 5 day mean of the model (red and black).
Journal of Geophysical Research: Oceans 10.1002/2016JC012444
BRECKENFELDER ET AL. NAC IN OBSERVATION AND MODEL 12
minimum in 2006 is not so
uncommon. Similar minima are
found in 1972, 1984, and in
1987–1988. The largest annual
mean transports occurred in
1992 and in 1995 with values
above 34 Sv.
Independent of the time peri-
od and transport component,
the extended model segment
north of 528300N contributes
about 9–13% of the mean (Fig-
ure 9 and Table 1). Overall 57%
of the absolute mean transport
and 49% of the baroclinic
transport are located in the
northern and extended seg-
ments. The strongest mean
transport in the model is found
in the northern segment. In
the observations, only 20% of
the mean transport is found in
that segment. The strongest observed mean ﬂow toward the northeast is in the central segment (47%)
(Table 1).
As pointed out by Roessler et al. [2015], no signiﬁcant trend in the NAC transport time series was observed.
Individual segments, however, had opposing trends, leading to a more focused NAC in the central subsec-
tion and decreasing transports in the southern and northern segments (Table 2). This is in contrast to the
negative trend in the VIKING20 NAC for the time period 1993 to 2008, caused by the transport decrease
between 2005 and 2007 that was not found in the observations. Over the longer 1960–2008 period, no sig-
niﬁcant trend was found for the absolute nor for the baroclinic NAC transports in the model, but individual
segments behave differently (Table 2). While in the observations, the NAC ﬂow gets more focused with time
in the central segment, the simulated transports in the central subsection decreased signiﬁcantly by either
around 3 Sv (1960–2008) or 6 Sv (1993–2008). The ﬂow through the extended model segment weakened
by about 2 Sv in all time periods. For the years 1960–2008, the weaker ﬂow in the central and the extended
subsection is compensated by an intensiﬁed ﬂow in the northern subsection, with no signiﬁcant trends in
the southern segment. In 1993–2008, the model exhibits weaker transports in all segments but the southern
subsection (Table 2).
Although the seasonal cycles are apparent neither the altimetry transport nor modeled transports show sig-
niﬁcant seasonal cycles for the time period where observations and model results are available (1993–2008,
not shown).
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Figure 9. Mean fractions (%) of modeled baroclinic (red) and observed (blue) mean trans-
port relative to 3400dbar calculated from 1993 to 2008. The positions of the PIES are indi-
cated by the black dots [Roessler et al., 2015].
Table 2. Cumulated Trends for the Modeled Absolute, Modeled Baroclinic, and Observed Transport Components for Different Time
Periodsa
Subsection of
PIES Array
Modeled Absolute
Transport Trend (Sv)
Modeled Baroclinic
Transport Trend (Sv)
Observed Transport
Trend (Sv)
Period:
1960–2008
Period:
1993–2008
Period:
1960–2008
Period:
1993–2008
Period:
1993–2008
Southern 0.0036 1.2* 2.36 2.1 20.76 1.1* 1.76 1.9 21.76 2.5*
Central 23.46 1.4 26.06 2.5 22.76 1.2 25.76 2.3 3.86 2.2
Northern 5.66 1.4 22.96 2.8 4.56 1.2 22.96 2.5 22.36 0.1
Extended 22.46 0.9 22.06 1.7 21.86 0.8 22.86 1.6
Entire 20.36 1.1* 28.66 1.9 20.76 0.9* 29.76 1.5 20.86 1.4*
aThe * marks the nonsigniﬁcant trends. The signiﬁcance is calculated using a two-sided t test with a 95% conﬁdence level and the
error of the trend is calculated from the 95% conﬁdence bounds for the corresponding time period.
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3.4. Transport at the OVIDE Line
The OVIDE data were taken every second year between 2002 and 2010 during the summer months. We
compare these data with transports from the model calculated for every second summer (May–July) for the
last eight model years (2000–2008). The model simulates well the upper ocean intensiﬁed ﬂows and
observed and modeled velocity distributions show features with similar horizontal and vertical extensions
(Figure 10). However, south of 538N the modeled velocities are generally weaker than the observed ones.
The model shows two alternating strong velocity bands between 568N and 588N, also visible in the horizon-
tal distributions at 100 m depth (Figure 3a). This feature is also present in the observations, but weaker and
with smaller velocities (Figure 10b).
The strongest velocity band in the observations is found around 548N, belonging to the western branch of
the NAC (WNAC) carrying 12.7 Sv with a standard deviation of 10.5 Sv (Table 3). Starting around the same
latitude but extending further north the modeled WNAC is found with a transport of 17.8 Sv with a standard
deviation of 5.1 Sv. The broad velocity band between 468N and 538300N in the observation represents the
ENAC with a transport of 26.8 Sv and a standard deviation of 7.4 Sv. The modeled ENAC (Figure 10a) starts
further north at 478300N and carries 7.9 Sv with a standard deviation of 3.6 Sv toward the east (Table 3).
The simulated ENAC and WNAC transport time series are signiﬁcantly anticorrelated with a correlation coefﬁ-
cient of20.6 from 1960 to 2008, and the observations in the 2000s also show this anticorrelation pattern (Figure
11). Further north near 608N such an anticorrelated behavior is found from satellite altimetry data in the pole-
ward ﬂow west and east of the Reykjanes Ridge and in two subbranches east of the Ridge [Chaﬁk et al., 2014].
Over the whole model time period, the ENAC in the model weakens by 22.96 3.0 Sv, while the WNAC
transport increases signiﬁcantly by 6.66 3.4 Sv.
The mean top to bottom transport across the entire OVIDE section from 1960 to 2008 is 13.9 Sv with a stan-
dard deviation of 7.8 Sv (Table 3). This is in the same range as the observed mean transport of 14.3 Sv with
a standard deviation of 8.9 Sv. In the observations, most of the eastward transport was found in the Europe-
an basin (following Mercier et al. [2015]), encompassing the two NAC branches (23.6 Sv). In the model, the
ﬂow through that segment is much weaker (5.7 Sv), and the eastward transports are more focused at the
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Figure 10. (a) Velocity at the OVIDE line in model and (b) observation [Mercier et al., 2015]. The modeled velocity is the mean from every
second year between the years 2000 and 2008. The red velocities are toward the northeast and the blue velocities toward the southwest.
The black lines mark the separation in the Iberian, European, and Iceland sections for the transport calculations (Table 3). The white lines
separate the ﬂow into the western branch of the NAC (WNAC) and the eastern branch of the NAC (ENAC). The branches are deﬁned by the
maximum mean transport toward the northeast.
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Iceland basin (7.0 Sv), while in the observations, the ﬂow in that basin is reversed (25.3 Sv). The ﬂow in the
Iberian Basin is westwards and comparable in model and observations (Table 3).
4. Discussion
4.1. North Atlantic in Model and Observation
In this study, the hydrography, ﬂow ﬁeld, and transport time series at the western ﬂank of the MAR (the
PIES array, Roessler et al. [2015]) were investigated using data from a high-resolution hindcast simulation
Table 3. Five Year Mean Transport From Model and Observations Across the OVIDE Line for Different Subsections Along the Linea
Subsection of OVIDE Line
Entire Water
Column
Subtropical Water
(<27.68 kg m23)
Deep Sea
(>27.68 kg m23)
Model Observation Model Observation Model Observation
Iceland basin 548N to 58.78N 7.06 4.2 25.36 9.9 7.96 3.0 23.36 3.7 20.86 1.7 22.06 6.2
European basin 448N to 548N 5.76 3.2 23.66 11.4 7.36 2.8 20.16 5.7 21.56 1.4 3.56 6.6
Iberian basin 40.48N to 448N 22.16 2.2 23.76 6.6 21.56 1.3 22.565.0 20.66 1.2 21.26 1.7
WNAC 17.86 5.1 12.76 10.5 12.46 2.2 4.36 4.3 5.5 63.2 8.56 6.9
ENAC 7.96 3.6 26.86 7.4 9.26 3.2 23.26 4.3 21.36 0.9 3.76 4.4
Entire section 40.48N to 58.78N 10.56 2.7 14.36 8.9 13.56 1.3 14.36 2.3 23.06 2.7 20.036 7.20
WNAC 1960–2008 15.86 7.9 10.56 4.5 5.36 4.2
ENAC 1960–2008 5.66 8.2 8.26 4.6 23.26 4.3
Entire section 1960–2008 13.96 7.8 15.56 3.6 21.66 5.5
aThe top to bottom water column is divided by the rh5 27.68 kgm
23 isopycnal into subtropical and deep sea water masses. The standard
deviations are given. The observed ENAC is deﬁned between 468N and 538300N, where the observed WNAC starts and ends at 578N. The simu-
lated WNAC starts 0.58 further north at 578300N and ends around the same position as the observed one. The simulated ENAC is found
between 478300N and around 538300N (Figure 10). The last three entries show the mean transport and the corresponding standard deviation
over the entire model time period for the whole water column and the divided water masses for the WNAC, ENAC and, for the entire section.
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
−20
−10
0
10
20
30
40
Time
Tr
an
sp
or
t [
Sv
]
 
 
ENAC model
WNAC model
ENAC obs
WNAC obs
Figure 11. WNAC (black) and ENAC (red) from the VIKING20 model from 1960 to 2008 at the OVIDE line. The bold lines and markers are
annual means and the thin lines display the 5 day mean of the model (red and black). The observed WNAC (blue square) and ENAC (green
triangle) are marked as well [Mercier et al., 2015].
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and observations (PIES, CTD, LADCP, and satellite altimetry measurements). At the PIES array, further upstream
in the western Atlantic at 478N [Mertens et al., 2014], and further downstream across the OVIDE line in the east-
ern Atlantic the mean transports from the model and the observations agree within the standard deviations.
However, the model underestimates the observed ENAC mean transport across the OVIDE line. This is not
uncommon. The majority of 18 models forced by CORE.v2 data exhibit lower transports than the in situ meas-
urements at the Rapid Climate Change (RAPID) array along 26.58N [Danabasoglu et al., 2014].
In general, the modeled circulation at the MAR is shifted to the north compared to the observations by about
half a degree, and in the eastern Atlantic, the more northward located WNAC carries the majority of the trans-
port of the NAC, while in the observations, the ENAC is stronger. One reason for the northward shift could be
the more northward penetration of the NAC into the Labrador Sea, thus favoring the more northward path-
ways for the NAC to the eastern Atlantic. The strength of the SPG of the VIKING20 conﬁguration (about 37 Sv)
is comparable with other model conﬁgurations forced by CORE.v2 data [Danabasoglu et al., 2014] and the
observed southward transports at the exit of the Labrador Sea (538N) of about 37–42 Sv [Fischer et al., 2004,
2010; Xu et al., 2013].
Despite the different geographical distribution of the ﬂow, the annual mean modeled and observed trans-
ports at the MAR for the time period 1993–2004 are signiﬁcantly correlated (correlation coefﬁcient of 0.7). In
the following years (2005–2008), the model shows weaker transports that are not correlated with the obser-
vations (Figure 7). During this time period the simulated SSH (not shown) calculated from the area between
158W–608W and 488N–658N (SPG SSH) diverges from the satellite altimetry SPG SSH [Danabasoglu et al.,
2016, their Figure 14], which could be one of the reasons for the discrepancies between modeled and
observed transports. In models, the SPG SSH is correlated to the intensity of the SPG [B€oning et al., 2006;
Yeager and Danabasoglu, 2014; Danabasoglu et al., 2016], their correlation coefﬁcient in the VIKING20 model
conﬁguration is 0.8. The simulated transport across the MAR section is correlated with the wind stress curl
over the SPG region and with the SPG SSH time series.
Furthermore, in the years 2005–2007, the simulated transport at the MAR section is partly shifted toward
the north, out of the section we are considering here in comparison to the observations (not shown). Taking
this shift into account and calculating the maximum simulated annual transport for 2005–2007 the trans-
port values approach toward the observations (Figure 7), but still show the transport minimum as expected
from the simulated SPG SSH.
Although the 2006 transport is the most distinct minimum over the entire time period from 1960 to 2008,
similar minima are found in the 1970s and 1980s in the model. The anomalous low transports (<20 Sv)
affect the whole water column and last over several years, i.e., from 1984 to 1985 and 1987 to 1988, and
over 3 years from 2004 to 2006, making it unlikely that a meander or eddy is responsible (Figure 8). Howev-
er, the transport distributions within the segments show conspicuous reversed ﬂows in some of the subsec-
tions. During the 1987 event, the central subsection and the northward extension exhibits a reversed ﬂow,
while in 2006, the ﬂow in the northern segment is reversed. The velocity composite for the ﬁve weakest
transport years (1984, 1987, 1988, 2006, 2007, Figure 12c) reveals that the main pathway across the MAR
array is around 18 farther south than in the mean state of the circulation, it shifts from the northern segment
to the central part of the section (Figure 12a). Overall, the minimum is found to be affecting the entire NAC
and the ﬂow across the MAR section occurs also outside the limit of the section we used for the comparison
with the observations. During the minimum periods the NAC exhibits weaker velocities across the entire NA
compared to the velocity composite of the ﬁve strongest transport years (1962, 1974, 1977, 1992, 1995, Fig-
ure 12b). In the eastern Atlantic at the OVIDE line during the minimum transport years the weaker velocity
of the WNAC is further inﬂuenced by a stronger recirculation than during the maximum transport years. The
ENAC in the maximum state shifts slightly toward the west and crosses the OVIDE line in a broader pathway
and further south than during the minimum transport years.
During the extreme transport minima (1987, 2006) at the MAR the NAO index is in a neutral state after sev-
eral years of medium positive NAO (Figure 13). Lohmann et al. [2009] found from a model study forced by a
persistent positive NAO phase that the subpolar gyre and thus the NAC transport weakens due to advection
of warm water from the subtropical gyre.
One has to bear in mind that the observations do not show the transport minimum found in the model
between 2004 and 2007, and so it is not surprising that the modeled trend of 28.6 Sv (1993–2008) of
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the NAC at the MAR is not seen in the observations. The NAC trend over the entire model period from
1960 to 2008 is not signiﬁcant (20.3 Sv, Table 2). Further downstream of the NAC, the modeled overall
transports at the OVIDE line (not shown) do not show the distinct minima found at the MAR, neither do
the individual WNAC or ENAC branch transports (Figure 11). However, during 1960–2008, the modeled
WNAC transport strengthened with a positive trend comparable to the increase of 5.6 Sv in the northern
segment of the MAR section. Comparable signiﬁcant positive trends of the AMOC at 26.58N (1978–1998)
and 458N (1975–1995) are found from the multi model mean over 20 ocean-sea-ice coupled model
forced by CORE.v2 [Danabasoglu et al., 2016], the same atmospheric forcing data set used in our model.
Danabasoglu et al., [2016] described negative signiﬁcant trends at both locations from 1996 to 2007 and
the rates are nearly double that of the strengthening period. The stronger ﬂow is found to be associated
with negative temperature anomalies in the Labrador Sea region, which leads to increased deep water
formation, driven by NAO-related surface ﬂuxes [Yeager and Danabasoglu, 2014; Danabasoglu et al.,
2016].
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Figure 12. Speed calculated from 1000 m depth to the surface from the model. The velocity time series at each grid point was detrended
to eliminate possible long-term trends. (a) The mean velocity for the entire model time period 1960-2008. Composites for the (b) ﬁve high-
est and (c) ﬁve lowest transport years at the MAR section. (d) Composites for the ﬁve strongest positive NAO phases and (e) the ﬁve stron-
gest negative NAO phases. The black lines mark the PIES array and the OVIDE line. The black dots indicate the PIES position and the green
dot shows the separation of the OVIDE line into Iceland and European basins after Mercier et al. [2015].
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4.2. Comparison With Other Transport Estimates
There are several programs aiming to measure and understand the NAC, starting with the Florida Current at
the RAPID line at 26.58N, where the mean top to bottom northward transport from up to 300 shipboard sec-
tions and 25 years of daily cable observations is around 32 Sv [e.g., Larsen and Sanford, 1985; Cunningham
et al., 2007; Meinen et al., 2010; Johns et al., 2011; Meinen and Luther, 2016]. Recently, Meinen and Luther
[2016] discussed in detail the evolution of the Gulf Stream transport from the Florida Strait to 428N, describ-
ing the Gulf Stream at different locations as a stream within a channel, a freely meandering jet, and a
bounded boundary current, so that we here only give a short summary of observed transport calculations.
The transport increases to about 65–94 Sv near Cap Hatteras at 738W [e.g., Richardson and Knauss, 1971; Hal-
kin and Rossby, 1985; Leaman et al., 1989] and at 708W to about 95 Sv [Rossby et al., 2014]. At 608W, the Gulf-
stream is about 5 times higher (150 Sv) than the Florida Current [Hogg, 1992]. Further downstream at 508W,
around 80 Sv have been observed [Clarke et al., 1980; Schmitz and McCartney, 1993], and most of the Gulf
Stream turns northward and forms the NAC [Clarke et al., 1980; Rossby, 1996]. At 428N, the northward trans-
port including the inshore edge of the Mann Eddy is 146 Sv [Meinen and Watts, 2000; Meinen, 2001].
Across 478N, Mertens et al. [2014] report from direct measurements that a transport of around 110 Sv ﬂow
northwards, with about 45 Sv of subtropical origin (above the rh5 27.68 kg m
23 isopycnal). Around 35 Sv
of the subtropical water recirculates toward the south in the Newfoundland Basin [Mertens et al., 2014]. Fur-
ther downstream across the section at the MAR a mean transport of 18.2 Sv with a standard deviation of 4.7
Sv of subtropical water is found in our model conﬁguration, compatible with the observed transport of
about 16 Sv [Roessler et al., 2015]. The transport time series is correlated with the transport of the NAC
branches WNAC and ENAC across the OVIDE line in the eastern basin. Here the mean transport of subtropi-
cal water in the model across both NAC branches of 18.7 Sv with a standard deviation of 4.6 Sv is similar to
the mean transport crossing the MAR. Further downstream across 59.58N east of the crest of the Reykjanes
Ridge Sarafanov et al. [2012] report from combined measurements between 2002 and 2008 a mean sub-
tropical NAC transport of 15.56 0.8 Sv. They separated the NAC subtropical water mass from the deep
ocean with the rh5 27.55 kg m
23 isopycnal, which lies above the rh5 27.68 kg m
23 isopycnal that we
used in our study at the MAR and the OVIDE line. Using the rh5 27.55 kg m
23 isopycnal the modeled trans-
port across the MAR reduces to 16.3 Sv with a standard deviation of 4.1 Sv and across both branches of the
NAC at the OVIDE line to 16.2 Sv with a standard deviation of 2.9 Sv. The similarity of the mean NAC trans-
ports at the MAR and in the eastern Atlantic at the OVIDE line suggest that the subtropical water that
crosses 59.58N entered the eastern basin of the NA via the MAR between 478N and 538N. This would mean
that in the mean state, all or most of the subtropical water heading toward the Labrador Sea and the Nordic
Seas crosses the MAR between 478N and 538N and that there is only a weak direct net transport from the
subtropical gyre to SPG in the eastern NA. This could be different in a negative NAO state in which the gyres
weaken, the polar front moves westward and open an enhanced northward access of the subtropical waters
in the eastern boundary current [e.g., Bersch et al., 2007]. Over the model time period from 1960 to 2008,
the NAO is around two thirds of the time in a positive state and therefore the mean state is biased by the
positive NAO pattern. To study the exchange of water between the two different gyres in the eastern NA is
beyond the scope of this study and is planned in further modeling and observational studies. For this pur-
pose, moored instruments (current meters, PIES) were successfully deployed along the 478N latitude in the
eastern boundary current and in the eastern basin of the NA in May 2016. From the 16 Sv subtropical NAC,
water ﬂowing across the MAR into the eastern NA around 9 Sv cross the Greenland-Scotland Ridge further
into the Nordic Seas (B. Hansen, personal communication, 2016), leaving about half of the inﬂow to remain
in the SPG.
4.3. The Influence of the North Atlantic Oscillation on the NAC
Roessler et al. [2015] found that the spectrum of the 21 year observational transport time series at the PIES
array along the MAR shows a signiﬁcant 4–9 year peak, and is signiﬁcantly cross-correlated with the NAO.
The cross correlation is calculated between annual means of the transport time series and the NAO winter
index (Figure 13). This approach eliminates partly the effect of meanders and eddies. The monthly inﬂuence
on the transport is calculated by changing the center of the annual mean transport in each step by 1
month. The probability tests the hypothesis of no correlation by using a t statistic with n-2 degrees of free-
dom, a p-value less than 0.05 indicates a signiﬁcant correlation. The NAO winter (DJFM) index for observa-
tions and model has been computed from the difference of normalized sea level pressures between Ponta
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Delgada, Azores and Stykkisholmur/Reykjavik, Iceland [Hurrell, 1995], for the modeled NAO the CORE.v2 sea
level pressure was used [Scholz et al., 2014].
The maximum correlation (r5 0.49, p< 0.01) between the absolute transport time series at the MAR from
1960 to 2008 in the model and the NAO index is found, when the NAO leads the transport by 7 months. A
similar lag is found for the maximum correlation for the baroclinic transport time series, for the model peri-
od from 1960 to 2008 the maximum correlation coefﬁcient is 0.54 (with a time lag of 8 months) and from
1993 to 2008, r5 0.60 (7 months). These 7–8 months maximum correlation lag time is consistent with the
observations from 1993 to 2008 with r5 0.72. For the longer time period 1993–2013 Roessler et al. [2015]
reported that the NAO leads the transport by 6–7 months, with a maximum correlation of r5 0.5.
In the eastern basin, the warm subtropical water mass of the ENAC is correlated with the NAO, with a maxi-
mum correlation coefﬁcient of r5 0.37 when the NAO leads the transport by one month. The short delay
time is in agreement with the ﬁndings of Curry and McCartney [2001], where the NAO index and the ocean
gyre index, deﬁned as the baroclinic pressure difference between the subtropical and subpolar gyre centers
show similar temporal ﬂuctuations. Eden and Willebrand [2001] also reported a fast, intraseasonal response
to the NAO, which they found in their model study to be barotropic. An baroclinic oceanic response due to
wind stress is described after 6–8 years [Eden and Willebrand, 2001]. Hydrographic data of the 1990s show a
response in the upper layer of the northern NA within 2 years after the NAO switched from a positive to a
negative state [Bersch, 2002]. The NAO index leads the multimodel mean AMOC index from 20 global cou-
pled models by 2–4 years [Danabasoglu et al., 2016].
Roessler et al. [2015] investigated the composite of the ﬁve highest and ﬁve lowest NAO index events and
found a higher mean transport at the PIES array during the ﬁve positive NAO years. This transport increase
was mainly found in the southern subsection of the array. One of the highest and three of the lowest NAO
event years are found by Roessler et al. [2015] in the years after 2008. Here we take the entire model time
period into account. The ﬁve strongest positive CORE.v2 NAO events are found in the years 1989, 1990,
1992, 1994, and 1995 and the ﬁve strongest negative NAO in the years 1963, 1964, 1969, 1977, and 1996
(Figure 13). The ﬁve strongest positive NAO events are mainly in the 1990s and the negative NAO events in
the 1960s, therefore the difference between the positive and the negative NAO composite might also be
biased by other decadal variability. However, similar but weaker results are found if investigating the direct
feedback of the NAO by studying transitions from one NAO state to the other (not shown).
−2
−1.5
−1
−0.5
0
0.5
1
1.5
2
CO
RE
2 
NA
O
 in
de
x 
(d
jfm
)
 
 
1965 1970 1975 1980 1985 1990 1995 2000 2005
−8
−6
−4
−2
0
2
4
6
8
Time
A
nn
ua
l m
ea
n 
tr
an
sp
or
t a
no
m
al
y 
[S
v]
Transport across the MAR array
ENAC transport across the OVIDE line
  Strongest unfiltered NAO years
  NAO 3 year low pass
Figure 13. Annual mean transport anomaly across the PIES array at the MAR (red) and the ENAC across the OVIDE line (blue) and winter
CORE.v2 NAO (gray). For clarity the time series are treated with a 3 year low pass ﬁlter. The black bars mark the ﬁve strongest/weakest NAO
years, which were used to calculate the composites (Figures 12 and 14) and show the strength of the unﬁltered NAO index for that year.
Journal of Geophysical Research: Oceans 10.1002/2016JC012444
BRECKENFELDER ET AL. NAC IN OBSERVATION AND MODEL 19
The composites reveal that the mean absolute transport across the PIES array at the MAR during the posi-
tive NAO phases (32.9 Sv with a standard deviation of the mean of 1.9 Sv) is signiﬁcantly higher than during
negative NAO phases (26.2 with a standard deviation of the mean of 1.6 Sv). During positive NAO phases
signiﬁcant higher transports cross the entire OVIDE line, except the subsection in the Iceland basin. Here
the transport is not correlated with the NAO index. The intensiﬁcation of the transports is also seen in the
western subpolar North Atlantic. During positive NAO years the NWC shifts farther north and is stronger
than during negative NAO years, and the recirculation in the Newfoundland basin shows higher velocities
as well (not shown). The shift of the NWC is not strong, which is in agreement with the ﬁndings of Stendardo
et al. [2016], who found from observed salinity gradient composites that the position of the NAC off the
Grand Banks is slightly shifted westward during positive NAO years. They argue that the impact of the NAO
on the ocean is stronger during persistent positive or negative NAO years as shown by Lohmann et al.
[2009]. During the predominantly negative NAO period in the 1960s the NWC shifted northwestward in the
Labrador Basin and an increased Newfoundland basin recirculation was observed by comparing hydro-
graphic data from 1966 with a climatology [Bersch, 2002].
The intensiﬁcation of the NAC and thereby of the subpolar gyre under positive NAO conditions is in agree-
ment with other observations and model results [e.g., Curry and McCartney, 2001; H€akkinen and Rhines,
2004; Bersch et al., 2007; H€akkinen and Rhines, 2009; Lohmann et al., 2009; Roessler et al., 2015], but the differ-
ence between the two composites of 6.7 Sv for the absolute and 5.1 Sv for the baroclinic transport compo-
nent in the model is about double the effect seen in the observations at the PIES array (2.9 Sv) [Roessler
et al., 2015]. This is probably owed to the different time periods chosen for the composites in model and
observation. Under positive NAO conditions, the subtropical NAC transport is in the entire section toward
the east (Figure 14), with the highest values in the northern part (518N–528300N). During the negative NAO,
the transport is much more unevenly distributed, with even westward transports in part of the central seg-
ment, and highest transports around 498N, 518N, and 528300N (Figure 14).
Figure 12 illustrates the different ﬂow ﬁelds in the eastern Atlantic, integrated over the upper 1000 m. The
more vigorous ﬂow in the positive NAO state is clearly visible. In both cases the main pathway across the
MAR is via the CGFZ. This is in agreement with observations which found the northern branch of the NAC
passing through this fracture zone [Rossby, 1996; Bower et al., 2002; Miller et al., 2013], although for the peri-
od 1993–2013, Roessler et al. [2015] reported the dominance of the ﬂow through the FFZ. Bower and von
Appen [2008] and Walter and Mertens [2013] describe single and double branch modes crossing the MAR
via the CGFZ, FFZ, and MFZ. East of the MAR the NAC splits into two pathways, the WNAC and the ENAC.
During negative NAO phases these pathways are more focused and localized, and the ENAC mean transport
is signiﬁcantly lower by 5.4 Sv than during positive NAO events. This transport change is almost as high as
at the MAR, meaning that the main NAO signal is focused on the ENAC. The WNAC transport is not signiﬁ-
cantly inﬂuenced by the NAO and therefore does not change with the NAO phases. The location of the
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WNAC and ENAC across the OVIDE line does not change for the different NAO phases. This ﬁnding is unex-
pected and in contrast to other model and observational studies, reporting a zonal shift of the SPG during
positive NAO years compared to negative NAO years [e.g., Curry and McCartney, 2001; Chaudhuri et al.,
2011; Stendardo et al., 2015].
5. Summary
Circulation and salinity distributions in the NA from 1/208 hindcast model VIKING20 and observations were
analyzed. The comparison focused on the hydrography, ﬂow ﬁeld, and transport time series at the western
ﬂank of the MAR and across the OVIDE line in more detail. The transports across the MAR array and the
OVIDE line are comparable in model and observations. In general, the circulation at the MAR is shifted to
the north in the model compared to the observations by about half a degree, and in the eastern Atlantic,
the more northward located WNAC carries the majority of the transport of the NAC, while in the observa-
tions, the ENAC is stronger. Neither the observed nor the simulated transport time series across the MAR
array show an overall trend. However, due to a not observed minimum in the simulated transport between
2004 and 2007 the simulated transport decreases during the overlapping time period (1993–2008). This
minimum is found to be a NA-wide phenomenon in the model, which leads to weaker velocities and differ-
ent pathways of the NAC. This simulated minimum could be caused by different behavior of the simulated
and observed SPG SSH during those years.
The comparison between the model and observations showed that the model simulates the observed
transport crossing the MAR and the OVIDE line within the uncertainties, the strength of the velocity ﬁeld
and the NAC. However, it puts the path of the NAC further north, including the NWC and has a preference
for the CGFZ and the WNAC in the eastern NA and shows overall higher salinities. Due to the agreement
between the observed and simulated transports of the NAC and the correspondence in the ﬂow ﬁelds, we
used the model to study the atmospheric inﬂuence of the NAO on the NAC transports and ﬂow ﬁelds. From
velocity and transport composites for the ﬁve strongest and ﬁve lowest NAO years, we found that during
positive NAO years higher transport crosses the MAR and the OVIDE line. During this time stronger and
more distinct NAC pathways are found.
The overlap between the measurements used here and the VIKING20 model conﬁguration is limited due to
the availability of the here used atmospheric forcing (the CORE.v2 data set comprises the years 1948–2009).
Further long-term continuous measurements and simulations are needed to study longer-term ﬂuctuations,
to improve models by comparing them to observations, and to understand, e.g., the mechanisms behind
the here analyzed feedback of the NA circulation to the NAO forcing.
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